Atmospheric neutrinos are produced from the decay of charged mesons created by the interactions of primary cosmic rays with the Earth's atmosphere. Atmospheric neutrino interactions in this analysis are detected through the high energy muons created via the charged current interaction ν µ + N → µ + X on materials that surround the detector. Although the latter process produces muons propagating at all zenith angles, overhead portions of the sky are typically dominated by cosmic-ray muons created in the Earth's upper atmosphere.
The Sudbury Neutrino Observatory (SNO) is located in the Vale-Inco Creighton mine in Ontario, Canada at a depth of 2.092 km (5890 ± 94 meters water equivalent) with a flat overburden [1] . The combination of large depth and flat overburden attenuates almost all cosmic-ray muons entering the detector at zenith angles less than cos θ zenith = 0.4. Because of this depth, SNO is sensitive to neutrino-induced muons from a larger range of zenith angles than previous experiments. In addition, measuring the throughgoing muon flux as a function of zenith angle provides sensitivity to both the oscillated and un-oscillated portions of the atmospheric neutrino flux. Measuring the muon angular spectrum above this cutoff provides access to the flux of cosmic-ray muons created in the upper atmosphere.
The SNO detector has a nearly ideal spherically symmetric fiducial volume. The algorithm used to reconstruct muon candidates makes use of this symmetry in finding the best fit track. A two-tiered algorithm is used whereby a preliminary track is reconstructed which later serves as a seed for a more comprehensive fit to the muon candidate event.
In the preliminary fit, the entrance position is determined by looking at the earliest hit PMTs, and the exit position is determined by the charge-weighted position of all fired PMTs. In our spherical geometry, the impact parameter is the distance from the center of the sphere to the midpoint of the line connecting the entrance and exit points. The fitter corrects the track fit for biases in charge collection and geometry, and provides a first estimate of the direction of the incoming muon. The first-order reconstructed track is then passed to a full likelihood fit to determine the muon track parameters to greater accuracy. The likelihood fit uses three distributions: (a) the number of detected photoelectrons, (b) the PMT charge distribution, and (c) the PMT timing distribution. This is important for impact parameter values close to the PMT support structure (b µ ≈ 830 cm). Approximately 87% (97%) of all simulated muons with an impact parameter of less than 830 cm reconstruct within 1
• (2 • ) of the true track direction; respectively. Studies also show that bias effects on the reconstructed impact parameter to be less than 4 cm.
SNO collected data across three distinct operational phases. The data span from November 2, 1999 until November 28, 2006. Data were collected in discrete time intervals, or runs, that range from 30 minutes to 96 hours in length. The livetime collected across all three phases of the experiment is 1229 days. A combination of low and highlevel analysis cuts use reconstructed track parameters to isolate a pure through-going muon data set. Cuts have been optimized to remove instrumental backgrounds, poorly reconstructed muon tracks, and events where the muon originates from inside the fiducial volume (neutrino-induced contained events). These cuts define a total fiducial area of 216.42 m 2 . The minimum (mean) muon energy needed to pass the selection criteria is 0.8 (2.6) GeV. The reconstructed cosmic-ray tracks, after all selection criteria are applied, exhibit a flat distribution versus impact area, as expected. The reconstruction efficiency is also robust to a number of changes in the optical and energy loss model of the reconstruction. Monte Carlo studies of cosmic-ray events that pass through the SNO detector show the total event selection cut efficiency to be 99.2% for through-going muons. The reconstruction algorithms used in the analysis are checked against data distributions and against data taken from an external muon tracking chamber installed above the SNO detector.
SNO uses the Bartol group's three-dimensional calculation of the atmospheric neutrino flux [2] . The neutrino energy spectrum is correlated with the primary H and He cosmic flux, both of which are strongly constrained by data. The uncertainties that dominate the neutrino energy distribution relate to the primary cosmic-ray energy spectrum, the π and K production ratio, and hadronic cross sections. Current estimates of the neutrino flux uncertainties are approximately ±15% and depend strongly on neutrino energy. Neutrino interactions in the rock surrounding the detector are simulated by the NUANCE v3 Monte Carlo neutrino event generator [3] . NUANCE includes a comprehensive model of neutrino cross sections applicable across a wide range of neutrino energies. Simulation of muon transport in the D 2 O and H 2 O and subsequent detector response is handled by the SNO Monte Carlo and Analysis (SNOMAN) code. Explicit muon energy loss mechanisms such as ionization, pair production, bremsstrahlung, muon capture and decay, and photonuclear interactions are all included in the simulation. A total of 76749 muon candidates passing all selection cuts are reconstructed with a zenith angle of 0.4 <cos θ zenith < 1 for the 1229-day dataset. The data collected corresponds to an exposure of 2.30 × 10 14 cm 2 s. The total measured cosmic-ray muon flux at SNO, after correcting for acceptance, is (3.31 ± 0.01 (stat.) ± 0.09 (sys.)) × 10 −10 µ/s/cm 2 and its zenith distribution can be compared to results obtained by experiments such as LVD [4] and MACRO [5] (see Fig. 1(a) ). A total of 514 events are recorded with −1 <cos θ zenith < 0.4 (see Fig. 1(b) ). The corresponding neutrinoinduced through-going muon flux below the horizon (cos θ zenith < 0) and above the horizon (0 <cos θ zenith < 0.4) are 2.10 ± 0.12(stat.) ± 0.08(sys.) × 10 −13 cm −2 s −1 sr −1 and 3.31±0.23(stat.)±0.13(sys.)×10 −13 cm −2 s −1 sr −1 , respectively. From the measured zenith angle distribution, one can extract the flux normalization and the neutrino mixing parameters. A maximum likelihood fit over the SNO-only data is performed and finds a flux normalization value of 1.22 ± 0.10 with respect to the Bartol three-dimensional atmospheric flux model and best fit neutrino oscillation parameters of ∆m 2 of 2.6 × 10 −3 eV 2 and maximal mixing [6] . This is the first measurement of the neutrino-induced flux above the horizon in the angular regime where neutrino oscillations are not an important effect. The data reported in this paper can help constrain atmospheric flux models in the future.
